Upon imbibition, dry seeds rapidly gain metabolic activity and the switching on of a germination-specific transcriptional programme in the nucleus goes ahead, with the induction of many nucleus-encoded transcripts coding for plastid-localized proteins. Dedifferentiated plastids present in dry seeds differentiate into chloroplasts in cotyledons and into amyloplasts in the root and in the hypocotyl, raising the question of whether the beginning of a new plant's life cycle is also characterized by specific changes in the plastid transcriptional programme. Here the plastid transcriptome is characterized during imbibition/stratification, germination, and early seedling outgrowth. It is shown that each of these three developmental steps is characterized by specific changes in the transcriptome profile, due to differential activities of the three plastid RNA polymerases and showing the integration of plastids into a germination-specific transcriptional programme. All three RNA polymerases are active during imbibition; that is, at 4°C in darkness. However, activity of plastid-encoded RNA polymerase (PEP) is restricted to the rrn operon. After cold release, PEP changes specificity by also transcribing photosynthesis-related genes. The period of germination and radicle outgrowth is further characterized by remarkable antisense RNA production that diminishes during greening when photosynthesis-related mRNAs accumulate to their highest but to very different steady-state levels. During stratification and germination mRNA accumulation is not paralleled by protein accumulation, indicating that plastid transcription is more important for efficient germination than translation.
Introduction
The development of a new plant from a dry seed proceeds via germination, a complex process that starts with the uptake of water and ends with radicle emergence (Bewley and Black, 1994) . Upon imbibition, dry seeds rapidly gain metabolic activity, including respiration, DNA repair, transcription, and translation (reviewed in Bewley, 1997) . Imbibition is characterized by the switching on of a specific germination transcriptional programme. Many nucleusencoded transcripts for plastid-localized proteins are induced, including transcripts coding components of the plastid transcriptional machinery (Nakabayashi et al., 2005; Bassel et al., 2008; Howell et al., 2009) . However, these studies concern only nucleus-encoded mRNA. Much less is known about changes in mitochondrial gene expression (Naydenov et al., 2010) and rather nothing on plastid gene expression during germination and early plant development.
Upon germination, dedifferentiated non-green seed eoplasts Briarty, 1991, 1992) differentiate into chloroplasts in shoot tissues or into amyloplasts in hypocotyl and root tissues. These changes in plastid differentiation should be accompanied by changes in plastid transcription patterns. In general, it can be assumed that plastid transcripts are more abundant in green photosynthetically active plant organs/ tissues than in non-green organs/tissues (Cahoon et al., 2008; Kahlau and Bock, 2008; Valkov et al., 2009) . However, plastid transcriptomic analyses in tomato plants showed large quantitative differences only when fruit plastids were compared to leaf plastids; that is,when plastids present in two different plant organs were compared. Far fewer changes were detected during fruit ripening when chloroplasts differentiated into chromoplasts in the same fruit. These findings were interpreted to mean that plastid differentiation has a much lower impact, at the level of RNA accumulation, on regulation of gene expression than the plant developmental programme that is connected to organogenesis (Kahlau and Bock, 2008) .
In this study we analysed changes in plastid transcriptome patterns during stratification, germination, and early seedling development of Arabidopsis thaliana. The fully developed mature seed embryo is already differentiated into cotyledons, hypocotyl, and root meristem; that is, no new organ is formed during early seedling outgrowth. In principle, this experimental system should allow us to study the plastid differentiation that proceeds within the same plant organ(s). On the other hand, the switching on of a nuclear germination-specific transcriptional programme might connect to a germination-specific plastid transcriptional programme, as indicated below.
The small plastid genome is transcribed by three different RNA polymerases. Two of them (RPOTp and RPOTmp) are collectively named nucleus-encoded RNA polymerase (NEP) because they are encoded by the nucleus. The third one (named plastid-encoded RNA polymerase, or PEP) is encoded on the plastid genome (reviewed in Liere et al., 2011) . PEP activity and/or specificity is regulated by nucleusencoded sigma-like transcription factors and other PEPassociated proteins that are all nucleus-encoded (reviewed in Lerbs-Mache, 2011) . Regulators of the NEP transcription system are not yet clearly identified. RPOTmp transcribes specifically the rRNA operon (Courtois et al., 2007) and its activity is regulated by a transcription factor named CDF2 (Baeza et al., 1991; Iratni et al., 1994; Bligny et al., 2000) . Its molecular identity is not yet known. RPOTp transcribes housekeeping genes like accD, clpP, rpoB, and ycf1 (Courtois et al., 2007; Swiatecka-Hagenbruch et al., 2008) . Regulators for RPOTp are not yet identified (Kühn et al., 2007) , but if they exist they should also be nucleus-encoded. Thus, transcription of the plastid genome is strongly dependent on nuclear gene expression. As a consequence of the changes in the nucleus-encoded transcriptome (Nakabayashi et al., 2005; Bassel et al., 2008) one should expect considerable changes to also occur in the plastid transcriptome during germination. The experiments presented in this article were performed to investigate the following four problems.
(i) Is plastid differentiation during germination and early seedling development accompanied by strong or only weak changes in plastid transcript patterns?
(ii) Many different experiments had shown that NEPs transcribe preferentially housekeeping genes, including PEP-coding genes, during early chloroplast development, and PEP transcribes preferentially photosynthesis-related genes and takes over transcription in later developmental phases (Shiina et al. 2005; Liere and Börner, 2006) . From these experiments it was hypothesized that during germination NEP and PEP are built up sequentially. This hypothesis has recently been challenged by our finding that NEP and PEP are already present in seeds and PEP is active before germination is accomplished; that is, when photosynthesis is not yet established (Privat et al., 2003; Demarsy et al., 2006) . Thus, the question arises of what is the exact function of PEP during early plastid development.
(iii) A relatively recent aspect of gene expression concerns regulation by antisense RNAs. This new trait of regulation is already well characterized for eukaryotic nucleus-encoded antisense transcripts and for bacteria (Lapidot and Pilpel, 2006; Repoila and Darfeuille, 2009; Werber and Swan, 2010) , but has been analysed much less in organelles like mitochondria and plastids. The presence of several antisense RNAs in chloroplasts has been demonstrated unambiguously (Lung et al. 2006; Zghidi et al., 2007; Georg et al., 2010) . Some indication for the function of plastid antisense RNAs has so far been obtained for 5S rRNA antisense RNA (AS5; Hotto et al., 2010; Sharwood et al., 2011) and for psbT antisense RNA (Zghidi-Abouzid et al., 2011) . However, the exact function(s) of plastid antisense RNAs is far from being elucidated and nothing is known on the expression of antisense RNAs related to plastid differentiation. Expression studies might help in elaborating new concepts for functional analyses of antisense RNAs.
(iv) Finally, the question of whether mRNA synthesis is coupled to protein synthesis during germination and early plant development has not yet been approached.
To investigate these four problems the changes in plastid transcriptome profiles of A. thaliana were followed during germination and early seedling development using a plastidspecific macroarray that was conceived to reveal changes in sense as well as antisense RNA profiles. To distinguish between NEP-and PEP-transcribed genes plastid mRNA profiles were established from seeds germinating in the presence of Tagetin, a specific inhibitor of PEP activity, and compared with profiles of seeds germinating in the absence of the inhibitor. Finally, the accumulation of some selected proteins of the two functional groups, housekeeping and photosynthesis, were analysed by immunoblotting.
Materials and methods

Plant material and growth conditions
Surface-sterilized Arabidopsis seeds (A. thaliana, ecotype WS) were spread on MS agar plates containing 1% sucrose, stratified for 72 h at 4°C in darkness (stage 0+) and then transferred into a growth chamber at 23°C under a 16 h/8 h light/dark cycle at 110 lmol m À2 s
À1
. Material corresponding to the different developmental stages as defined by Demarsy et al. (2006) was collected for mRNA analyses.
For Tagetin experiments, tt2-1 seeds were kindly provided by I. Debeaujon. Seeds were imbibed on one layer of Whatman 3MM filter paper wetted with 250 ll of either water or Tagetin (100 lM) in closed petri dishes (3 cm in diameter) for 24 h at 4°C. Afterwards petri dishes were transferred to a growth chamber where they were kept under continuous light for 24 h at 22°C.
RNA extraction
Total RNA was isolated as previously described (Demarsy et al., 2006) . Briefly, after extensive homogenization of seeds or seedlings (200-400 mg) in liquid nitrogen the powder was solubilized in 2 ml of extraction buffer [100 mM Tris/HCl, pH 9.5, 10 mM ethylenediaminetetra-acetic acid (EDTA), pH 8, 2% LDS (w/v), 0.6 M NaCl, 0.5 M trisodium citrate, and 5% b-mercaptoethanol]. Cell debris were removed by centrifugation at 16 000 g for 5 min at room temperature and RNAs were extracted in the aqueous phase by three successive treatments of (i) chloroform followed by (ii) phenol/chloroform with 35% (w/v) guanidine isothiocyanate (Sigma, Saint Quentin Fallavier, France) and 0.2 M sodium acetate, pH 4, and (iii) an additional chloroform treatment. After a first separation of DNA and RNA by precipitation of RNA in the presence of 3 M LiCl overnight, remaining traces of DNA were removed from the RNA fraction by several successive DNase treatments and the absence of DNA in the RNA preparation was verified routinely by PCR cDNA synthesis Plastid-specific cDNAs have been synthesized as previously described (Zghidi et al., 2007) . Total RNA preparations were carefully verified for the absence of plastid DNA. The 4 lg of each total RNA preparation were labelled for macroarray hybridization. RNA was reverse-transcribed using a primer mix containing specific primers corresponding to the 80 protein-coding genes and their antisense RNAs that could be analysed on the macroarray. Sense primers were localized as near as possible to the 3#-end of the 60-mer oligonucleotides that had been spotted on the macroarray. Antisense primers were chosen in the 5# untranslated region or at the 5# end of the mRNA. Reverse transcription was performed in the presence of 100 lCi [a-32 P]dATP (Perkin Elmer, Courtaboeuf, France) using Superscript II Reverse Transcriptase (Invitrogen, Villebon sur Yvette, France). Samples were treated with RNase H (Fermentas, St Rémy lés Chevreuse, France) at 37°C for 15 min and non-incorporated deoxyribonucleotides were removed by passage through a Sephadex G50 column. An aliquot of each of the synthesized cDNAs was analysed on a 6% denaturing polyacrylamide gel to verify the quality of the synthesized cDNA.
Array analyses
The macroarray was constructed by spotting 60-mer synthetic oligonucleotides (10 pmol of each) in duplicate onto nitrocellulose membranes. Oligonucleotides were chosen to be within 200 nucleotides downstream of the ATG translation initiation codon (patent FR/04.08.06/FRA 0607168). The spotting was performed by Eurogentec (Angers, France). The arrangement of the probes on the array has been described previously (Lerbs-Mache, 2011) . Prehybridization (1 h at 65°C) and hybridization (3 days at 65°C) were performed in 0.5 M NaHPO 4 , pH 7.2, 1 mM EDTA, 7% SDS, and 1% bovine serum albumin. After hybridization macroarrays were washed in 40 mM NaHPO 4 , pH 7.2, 1 mM EDTA, and 7% SDS at room temperature for 10 min followed by washing at 65°C for 5 min. After 1-2 weeks of exposure to Fujifilm Imaging Plates the plates were analysed using a PhosphoImager (Fujifilm FLA-8000) and the accompanying software (ArrayGauge). Macroarrays of this type, the primer mix for cDNA labelling, and a detailed protocol are available now via Uniplastomic (www.uniplastomic.com/).
Primer extension
Primer-extension experiments were performed as described elsewhere (Favory et al., 2005) using 2 lg (for rRNA) or 10 lg (for mRNA) of total RNA. The following primers were used for primer extension and to establish the accompanying sequence ladders: 5#-TGCGATAATAAAAACAGAAGTTGCG-3# (psbA), 5#-GAC-CCAGTATCGAATAC-3# (psbE), 5#-CCCAACACTTGCTTTAG-3# (rbcL), 5#-GATGTATCTCCTTCTCC-3# (clpP), and 5#-TTCA-TAGTTGCATTACT-3# (16S rRNA). For mapping of the psbE mRNA 5# end the promoter region was cloned using the upstream primer 5#-TGAAAAAGTGGGACACG-3# and the downstream primer 5#-GACCCAGTATCGAATAC-3# and a sequence ladder was established by using the downstream primer. Primer extension was performed with the same primer and the cDNA was run together with the sequence on the same denaturing polyacryamide gel.
Quantitative reverse transcriptase PCR For real-time PCR, RNA obtained from the same extraction as described for macroarray assays (see above) was analysed. RNA (10 lg) was treated with DNase (Ambion/Applied Biosystems, Courtaboeuf, France) as described in the manufacturer's instruction data sheet. After DNase treatment, RNA was purified by phenol/chloroform/isoamylalcohol and chloroform extraction followed by ethanol precipitation. RNA (1 lg or 500 ng) was reversetranscribed using SuperScript II (Invitrogen) and gene-specific reverse primers that were also used for real-time PCR reactions. All analysed mRNAs or part of them were amplified and cloned into pDONR221 and pCR2.1 (both from Invitrogen), respectively, to serve as standards for quantification. Real-time PCR was performed in a Rotor-Gene RG-3000 thermocycler (Corbett Research, UK) using SYBR-Green for fluorescence product detection and the following primers: qatpA F1 GCTTCTTCCGT-GGCTCAGGTA, qatpA R1 CCCGGCGGTCTTCGTAATAG, qatpF F1 CGCGCTTGCGTAACGTAGAA, qatpF R1 AAGC-TTGTTGGAAAACCCGTTC, qatpI F1 GCGATTCGCAATC-CACAAAC, qatpI R1 GGTGCTGCTAACTCCCCTTGA, qatpH F2 ATCCACTGGTTTCTGCTGCT, qatpH R2 CGTA-TTTTTCCTTCTGCCTCAG, qrpl32 F1 GGCAGTTCCAAAAA-AACGTACTTC, qrpl32 R1 TTTTGAATTACCTGTAGAAA GTG, qrps7 F1 CGTGTAGGCGGGTCAACTCA, qrps7 R1 ATGGCATCGCCACTCCCTTT, qndhB F1 CGTATGCTTG-CATATTCGTCCA, qndhB R1 TATAGGCCTGCCTGC-CATCC, qpsaJ F1 GCGAGATCTAAAAACATATCTTTCC, qpsaJ R1 AAGGGAAATGTTAATGCATCTGG, qpsbJ F1 ATGGCTGATACTACTGGAAGG, and qpsbJ R1 CTACAGG-GATGAACCTAATCC. No-enzyme and no-template controls were joined to every PCR reaction and melting curve analyses were carried out to prove the specificity of the reaction. The amount of gene-specific mRNA was calculated using a standard curve that was obtained from the cloned standard sequences described above.
Protein analyses
Total protein was extracted from dry seeds, imbibed seeds, and 2-, 4-, and 6-day-old plantlets by five cycles of freezing in liquid nitrogen and grounding during thawing. An appropriate volume of extraction buffer [62.5 mM Tris/HCl, pH 6.8, 2.5% (w/v) SDS, 2% (w/v) dithiothreitol, and 10% (v/v) glycerol] was added during the first freezing cycle. PAGE was carried out using the Tricine/SDS/PAGE system described by Schägger (2006) . Briefly, equal amounts of extracted proteins were separated electrophoretically on 14% acrylamide gels that were overlayed with a 10% acrylamide intermediate gel and a 4% acrylamide stacking gel. The ratio of acrylamide/ bisacrylamide was 15.5:1. After transfer onto nitrocellulose (0.2 lm; BioRad, Marnes-la-Coquette, France), proteins were revealed after immunodecoration using the ECL detection kit (GE Healthcare, Vélizy, France). Antibodies were obtained from Agrisera (Vännäs, Sweden; RBCL and ATPH) and from Uniplastomic (Grenoble, France; CLPP, RPS7, and RPL2).
Results
Changes in plastid mRNA profiles during germination and early plant development
To analyse plastid transcriptome changes during germination and early seedling development, developmental stages were selected according to Demarsy et al. (2006) and as shown in Figs 1 and 5A. Macroarray analyses were performed using RNA prepared from stages 0 (dry seeds), 0+ (seeds after stratification), 1 (seeds immediately after germination), and 2 (cotyledons still buried within the seed coat). The labelling of cDNA was done in the presence of [a-32 P]dATP by using gene-specific primers that all had very close T m values and that were positioned at an equivalent distance from the ATG start codon of each gene in order to guarantee semi-quantitative results. Fig. 1 shows the images of the arrays after cDNA hybridization and PhosphoImager analysis of stages 0, 0+, 1, and 2. The spotting scheme of the array is as published (Lerbs-Mache, 2011) . The names and functions of the corresponding genes are summarized in Table 1 according to the position on the macroarray. A considerable part of plastid mRNAs is already present in dry seeds (stage 0), showing that dry seeds do not contain only nucleus-encoded (Rajjou et al., 2004; Kimura and Nambara, 2010) but also plastid-encoded stored mRNAs. An intensification of signals -that is, neosynthesis of mRNA -is observed after stratification and, remarkably, a relatively high yield of antisense RNAs is detected. Antisense RNAs start to accumulate during stratification (stage 0+) and are very detectable at stages 1 and 2 after cold release. All antisense RNAs are surrounded by black boxes in the stage 2 array. The general patterns of transcripts change considerably between stages 0 and 2, indicating great differences in the synthesis and/or turnover of different plastid mRNAs. Because labelling and hybridization of the cDNAs of the four different developmental stages were performed in parallel under the same conditions we suppose that the results are quantitatively comparable. For verification, some control experiments were performed to confirm the reliability of the macroarray results.
Verification of macroarray results by primer extension
To verify whether the macroarray results ( Fig. 1 ) could be considered semi-quantitative if the different developmental stages of seed germination were compared, some of the mRNAs were re-analysed by primer extension ( Fig. 2A) . Three mRNAs coding for photosynthesis-related proteins (rbcL, psbE, and psbA) and one mRNA coding for a protein with housekeeping function (clpP, transcribed by RPOTp) were chosen for this experiment. These RNAs are labelled by arrows in the stage 1 array (Fig. 1 ). The psbE promoter had not been mapped before. The supposed transcription initiation site at position À125, as indicated by the primerextension result, is shown in Fig. 2B . Sequences resembling À10 and À35 prokaryotic-type promoter elements are underlined and indicate transcription by PEP.
Because of the small size of Arabidopsis seeds and the high amount of total RNA (10 lg) that is necessary for primerextension experiments, stage 1 was omitted in this experiment. The psbE, rbcL, and clpP mRNAs were present at very low levels in dry (stage 0) and stratified (stage 0+) seeds and their quantity increased after germination (stage 2). In contrast, psbA mRNA was already easily detectable in dry seeds; its amount decreased during stratification and is augmented after germination. The same behaviour of expression is visible on the macroarray (Fig. 1) as well as on the autoradiograms of the primer-extension experiments ( Fig. 2A) . Quantitative comparison of the macroarray and primer-extension values (Fig. 2C) shows very good correlations and indicates that array values can be considered semi-quantitative. The diminution of psbA mRNA during stratification was observed in all experiments and should be significant.
Consecutive expression of groups of mRNAs during germination and seedling outgrowth
Next, the plastid transcriptome of dry seeds (0), seeds after stratification (0+), seeds immediately after radicle protrusion (stage 1), and not yet green seedlings (stage 2) was established from three independent experiments. The determination of the mean values and standard deviations is reported in Supplementary Table S1 . Fig. 3 shows the expression of the different mRNAs as grouped according to the function of the corresponding proteins; that is, mRNAs coding for the ATP synthase complex, the electron transport chain, photosystem I (PSI) and photosystem II (PSII), the large and small ribosomal subunits, and the subunits of PEP. Some of the mRNAs (atpF, petN, psaA, B, and I, psbB, H, T, and Z, rps12, 16, and 19, and all ndhA-K), some open reading frames and all antisense RNAs were omitted because, although still visible on the Fujifilm imaging plates, many values of the individual spots were low and standard deviations were relatively high. Values for mRNAs like matK, clpP, and rbcL are reported under 'other genes'.
Results show that for many of the plastid mRNA genes transcription starts during the stratification period (0+); that is, in darkness and at 4°C (see differences between stages 0 and 0+ in Fig. 3) . Genes that are transcribed during this period code for ribosomal proteins (except rpl14, highlighted in Supplementary Table S1 ), PEP subunits, and matK. All these genes can be considered as housekeeping genes. However, the clpP gene, which is also considered as a housekeeping gene, seems to be transcribed only after cold release (highlighted in Supplementary Table S1 ). The expression of photosynthesis-related genes, like those coding for PSI, PSII, and electron transport chain proteins, starts only after cold release and transfer to light but before germination is accomplished. The ATP synthase group of genes can be subdivided into genes that are already transcribed during stratification (atpA, H, and I; highlighted in Supplementary Table S1 ) and genes for which the mRNA levels augment only after cold release (atpB and E); that is, the large ATP synthase operon seems to be differently regulated than the small operon.
Interestingly, some of the gene groups that code for proteins engaged in the same complex or function harbour one gene that is expressed differently than the other genes belonging to the same group. This is most evident for atpH in the ATP synthase group, psaJ in the PSI group, psbA in the PSII group, and rpl32 in the large ribosomal subunit group. The atpH and psaJ mRNA levels are by far much higher than those of the other genes of the ATP synthase and PSI group, respectively. The psbA mRNA level still decreases when the other mRNA levels of the PSII group Fig. 1 . Changes of plastid transcriptome profiles during germination and radicle outgrowth. Total RNA was isolated from plant material corresponding to developmental stages that are shown on the left-hand side of the individual arrays. For cDNA synthesis and macroarray hybridization 4 lg of each RNA preparation was used. Arrays were exposed for 2 weeks before imaging. RNAs that are labelled with arrows in the stage 1 assay were further analysed by primer extension (see Fig. 2A ). Spots that are boxed in the stage 2 array correspond to antisense RNAs. start to increase [between stratification (0+) and radicle protrusion (stage 1)]. The same holds true, although to a lower extent, for the psbC and psbD mRNA levels (values for psbA, C, and D are highlighted in Supplementary Table  S1 ). The rpl32 mRNA continues to be augmented when the other mRNAs of the large ribosomal subunit group have reached their steady-state levels.
Which genes are transcribed by PEP before and during germination?
To determine exactly which genes are transcribed by PEP during germination, plastid gene expression was analysed before germination, in the presence and absence of Tagetin, a specific inhibitor of PEP activity Durbin, 1990, 1994) . At high concentrations Tagetin also inhibits nuclear RNA polymerase III (PolIII; Steinberg et al., 1990) . We used a Tagetin concentration that inhibited PEP but not PolIII activity (Demarsy et al., 2006) . For these experiments the Arabidopsis transparent testa mutant tt2-1 (Koornneef, 1990; Debeaujon et al., 2000) was used. The TT2 gene encodes a R2R3MYB domain transcription factor that is implicated in the regulation of proanthocyanidin biosynthesis. In Arabidopsis, proanthocyanidins are only found in seeds. They are synthesized in the endothelium where the TT2 gene is specifically expressed (Nesi et al., 2001 ; Lepiniec et al., 2006) . The seed coat of tt2 seeds is highly permeable and ensures easy uptake of inhibitors (Rajjou et al., 2004) . The tt2-1 seeds need more time for germination, and stage 1 (radicle protrusion) corresponds to 48 h after cold release instead of 24 h for wild-type seeds. Germination starts 30 h after cold release and by 48 h all seeds have germinated (Demarsy et al., 2006) . To establish the plastid mRNA profiles of seeds before germination is accomplished seeds were used that had been kept in water or in Tagetin up to 24 h after cold release. RNA was isolated from dry seeds (0), seeds after 24 h of stratification (0+), and 24 h after cold release before germination is accomplished (24 h). After labelling, RNA was analysed in duplicate by macroarray hybridization (Fig. 4A) . Macroarray spots were quantified (means and P values, standard deviations, and expression values are reported in Supplementary Table S2 ) and the mRNA levels of the different groups of genes are represented in Fig. 4B . Results mostly resemble those obtained with wild-type seeds for stages 0, 0+, and 1 (compare Fig. 4 with Figs 1 and 3) . The mRNAs Fig. 2 . Verification of the accumulation of some selected RNAs during germination and early seedling development. (A) For primerextension analyses cDNAs were synthesized using 10 lg of total RNA isolated from the same stages as shown in Fig. 1 . Primerextension products were analysed on 6% polyacrylamide sequencing gels. Primers were the same as used in previous experiments (Courtois et al., 2007) except for psbE mRNA for which the 5' end was determined in this experiment. (B) The psbE gene promoter region is presented schematically. Position À125 corresponds to the localization of the psbE mRNA 5' end and the À10 and À35 consensus promoter elements are underlined. (C) Quantitative comparison of macroarray and primer-extension results. Macroarray spots were quantified with ArrayGauge software and primer-extension signals by using the ImageJ programme. Primer-extension values were normalized by using array stage 2 values as a reference. Supplementary Table S1 ) were used to schematically represent the accumulation of mRNAs coding for proteins belonging to different functional groups or protein complexes like ATP synthase, photosystems I and II, large and small ribosomal subunits, and PEP. After exclusion of all values with standard deviations above 50%, mean values of all mRNAs belonging to the same functional group were determined and were used for the presentation.
coding for housekeeping functions, like ribosomal proteins and PEP subunits, were already synthesized during stratification. As shown for wild-type seeds, the psbA mRNA decreases considerably during stratification and pre-germination (24 h; see Supplementary Table S2 ). Because of this atypical behaviour of the psbA mRNA these values were not included when calculating the photsynthesis group mRNA levels in Fig. 4B .
At 24 h after cold release -that is, before radicle protrusion is accomplished -mRNA levels of all gene groups had increased remarkably. A significant inhibition of synthesis in the presence of Tagetin was observed for photosynthesis-related mRNAs (all mRNAs encoding PSII subunits and two of the mRNAs encoding PSI subunits; that is, psaA and psaJ) and for two mRNAs encoding subunits of the NDH complex (ndhB and ndhK; highlighted in Supplementary Table S2 ). The inhibition was especially strong for rbcL mRNA which is rather undetectable in dry seeds and which needs to be synthesized de novo. To better reveal the strong accumulation of rbcL mRNA after cold release this RNA is separately shown in Fig. 4B . Interestingly, inhibition of mRNA accumulation by Tagetin treatment was also observed for some housekeeping genes, like rps4, rps14, rpl2, rpl23, and matK (highlighted in Supplementary Table S2), suggesting that these genes are at least in part transcribed by PEP during early plant development. Also, the essential ycf2 gene (Drescher et al., 2000) , for which the function is not yet known, is under PEP control (highlighted in Supplementary Table S2) . From these results it can be concluded that the observed retardation of germination of seeds in the presence of Tagetin (Demarsy et al., 2006) might be related to a diminished synthesis of photosynthesis-related mRNAs, especially rbcL, to diminution of ribosome neosynthesis, and/or to splicing defects because of deficiency of maturase.
To complete the data set, 16S ribosomal precursor RNA, which was not present on the array, was analysed by primer extension (Fig. 4C) . In Arabidopsis ribosomal precursor RNA is synthesized by RpoTmp from the PC promoter and by PEP from the P2 promoter (Courtois et al., 2007) , and the question arises of which of the two RNA polymerases is more important for germination. The level of PC-initiated NEP transcripts has increased 24 h after cold release and does not change after Tagetin treatment. Quite differently, P2-initiated PEP transcripts accumulate tremendously during this pre-germination phase and this increase is strongly inhibited by Tagetin (Fig. 4C , compare lane 1 with lanes 2 and 3, PC and P2 respectively). Altogether, these results show that the rrn operon and the rbcL gene are first in line as target genes for PEP-dependent transcription during the germination phase.
Changes in plastid transcriptome pattern during cotyledon opening and greening
The above-described results reveal that considerable changes occur in plastid mRNA levels during stratification, germination, and radicle outgrowth. We analysed whether additional changes occur in the plastid transcriptome pattern during cotyledon opening and greening. To this aim plantlets were selected at stages 4 (cotyledon opening) and 6 (first leaf emergence) (Demarsy et al., 2006;  Fig. 5A ). The plastid transcriptome profiles are shown in Fig. 5A .
Between stages 2 and 4 -that is, when the cotyledons escape from the seed coat and become green -the mRNA pattern changed considerably. Once cotyledons were green mRNA profiles remained relatively stable (compare Fig. 1 , stage 2 with Fig. 5 , stages 4 and 6). Even when compared to plastid RNA of rosette leaves from 3-week-old plantlets mRNA profiles were very similar (not shown). A very strong accumulation of mRNAs corresponding to psaJ, atpH, and the PSII genes psbE, F, L, and J belonging to the same transcription unit and also psbM (indicated by arrows in the stage 6 array) was observed. The most studied mRNAs, psbA and rbcL, were not the most abundant ones. Remarkably, levels of many antisense RNAs were diminished when compared to sense RNAs. Exceptions include the rbcL, psbA, and rpl33 genes, for which antisense RNA levels were high and might even have reached equal or higher levels than the corresponding sense RNAs. These three RNAs and their antisense RNAs are labelled with connected arrows and black boxes in the stage 4 array (Fig. 5) .
The tremendous differences that are observed on the same array between strongly and weakly expressed genes raise another question concerning the quantification of macroarray results; that is, whether highly abundant mRNAs like atpH and psaJ and RNAs of very low abundance like atpI and ndhB are quantitatively comparable or whether quantification of highly expressed genes is limited by signal saturation. Fujifilm imaging plates are reported to give linear responses up to a detection density of 10 4 dpm mm À2 radiation dose or higher. To verify whether responses -for example, for atpH and psaJ -are still in the linear range, we compared the values obtained by macroarray analyses with those obtained by quantitative reverse transcriptase PCR for nine different mRNAs comprising very strongly and weakly expressed genes ( Fig. 5B ; the corresponding RNA spots are indicated by arrows in Fig. 5A in the stage 6 array). We obtained a rather good correlation, indicating that also in this respect macroarray values are reliable.
Protein accumulation during germination and seedling outgrowth
Another interesting problem of plastid gene expression during germination and early seedling development concerns translation. In the above-described experiments it is shown that mRNAs encoding PEP subunits and most of the mRNAs encoding ribosomal proteins augment considerably during stratification and germination, while mRNAs encoding photosynthesis-related proteins augment only after germination and during greening. The problem of whether such a sequential activation of expression of housekeeping and photosynthesis-related genes also occurs at the protein level has not yet been examined. To investigate this problem, several photosynthesis-related and housekeeping genes were analysed at the protein level by Western immunoblotting (Fig. 6) . In all cases, protein levels augmented only after stratification (0+, lane 2); that is, sequential augmentation of expression of housekeeping and photosynthesis-related genes was not observed at the protein level. CLPP and RPS7 protein levels started to augment only from stage 2 (lane 3, radicle protrusion), comparable to what happens for RBCL and ATPH. RPL2 protein accumulation was even retarded until stage 4 (lane 4, cotyledon opening).
Discussion
Plastid gene expression has been analysed during stratification, germination, and early seedling development. A transcriptomic approach was used to investigate changes in plastid transcriptome profiles and protein accumulation was followed by Western immunoblotting using specific antibodies.
Comparison of the obtained plastid mRNA profiles and their antisense RNAs (Figs 1 and 5A ) allows several general conclusions.
(i) A considerable portion of plastid mRNA does already exist in dry seeds as stored or long-lived RNA.
(ii) Neosynthesis of plastid mRNAs starts during the imbibition/stratification phase and all three RNA polymerases are active at the low temperature of 4°C.
(iii) The periods of stratification, germination, and early seedling outgrowth are marked by considerable expression of antisense RNAs.
(iv) Each of the three well-defined developmental stepsthat is, imbibition/stratification, germination, and early seedling outgrowth -is characterized by a specific transcriptome profile (Fig. 1). (v) Once cotyledons are fully green, the mRNA pattern remains very similar (compare stages 4 and 6 in Fig. 5A ).
Taken together, the transformation of seed eoplasts into root amyloplasts and into chloroplasts in cotyledons is accompanied by considerable changes of plastid mRNA profiles and these changes occur in the absence of new organ formation. Results are interpreted by defining two different developmental phases: one non-photosynthetic, related to germination (stages 0 to 1) and another one related to greening of cotyledons (stages 2 to 6). A small amount of chlorophyll is detectable at stage 2 and chlorophyll synthesis increases rapidly as soon as cotyledons leave the seed coat (Privat et al., 2003) . Thus, changes occurring between stages 0 and 1 should be considered as germination-specific and changes observed between stages 2 and 4 should be mainly connected to chloroplast differentiation and the establishment of photosynthesis in cotyledons.
Although both types of RNA polymerase, NEPs and PEP, are already active during stratification, PEP activity is limited to rRNA synthesis during this period ( Fig. 4B ; Courtois et al., 2007) . During germination and early seedling outgrowth PEP also starts to transcribe photosynthesis-related genes, as shown by increasing mRNA levels of PSI, PSII, and electron transport-related genes ( Fig. 3 ; mRNAs raise between stages 0+ and 1) and by inhibition of this increase in the presence of Tagetin (Fig. 4A, 4B , stage 24 h; Supplementary Table S2 ). On the contrary, mRNA levels of a priori NEP-controlled genes like PEP and ribosomal proteincoding genes start to diminish after stage 0+ and most of these mRNAs decrease or remain stable after stage 1 (Figs 1  and 3 ). These RNAs are not significantly diminished after Tagetin treatment, confirming their synthesis mainly by NEP (Fig. 4B) . Exceptions are the rps4, rps14, rpl2, and rpl23 genes, for which mRNA levels decrease in the presence of Tagetin; that is, they should be transcribed by PEP. For all of these genes the promoters are not yet characterized. rps4 is not localized within an operon and might be cotranscribed with trnT. rps14 might be cotranscribed with psaA and psaB. rpl23/rpl2 are located at the border of the inverted repeat and both copies might be differently transcribed.
The relatively high levels of antisense RNA that are found during germination and early seedling outgrowth might be related to high NEP activity. NEPs are singlesubunit phage-type RNA polymerases (Lerbs-Mache, 1993; Hedtke et al., 1997) . Phage-type RNA polymerases are highly processive, producing polycistronic precursor RNAs that are processed to give the individual RNAs (AsinCayuela and Gustafsson, 2007) and read-through transcription by plastid-directed T7 RNA polymerase has recently been demonstrated (Magee et al., 2007) . Thus, phases of high NEP activity might be characterized by high readthrough rates leading to the production of antisense RNAs for genes localized on the opposite DNA strand. Furthermore, it had been shown by transcriptomic analysis of plastid rpo-knockout plants that in the absence of PEP activity the whole plastid genome is transcribed by NEP but the resulting mRNAs are not translated (Legen et al., 2002) . In consequence, the production of antisense RNA might play a role in the translational inactivation of the stillpresent NEP-produced RNAs by double-strand formation during the developmental period when principally NEP activity is replaced by mainly PEP transcription.
The material and the experimental system used in these studies permitted only the determination of mRNA steadystate levels. It is technically not feasible to isolate plastids from germinating Arabidopsis seeds and to perform run-on transcription for analysing newly synthesized RNA. Thus, it is not possible to distinguish between de novo synthesis and degradation of mRNAs. That degradation of mRNAs present in dry seeds occurs as early as during imbibition is visible for psbA mRNA. This mRNA diminished between stages 0 and 0+ and strongly augmented only after stage 1 (Figs 1, 2 , and 3 and Supplementary Table S2) . However, such strong degradation of stored mRNA seems to be specific for psbA. For other photosynthesis-related mRNAs only slightly decreased transcript levels were observed ( Fig.  4B and Supplementary Table S2 ). All other mRNAs increased during the imbibition/stratification period (Figs 1, 3, and 4B); that is, if mRNA turnover is already active then transcription dominates over degradation because newly synthesized mRNA must be more abundant than degraded mRNAs.
The question of whether stored plastid mRNAs represent just remnants of RNAs produced during seed maturation or whether they play an essential role for germination by providing templates for early protein synthesis is difficult to answer. Cytoplasmic protein synthesis is absolutely required for germination and is thought to occur on stored mRNAs (Rajjou et al., 2004; Holdsworth et al., 2007) . This was concluded from the fact that germination occurred in the absence of transcription, but was abolished in the presence of cycloheximide, a specific inhibitor of cytoplasmic protein synthesis. Germination is also abolished in the presence of chloramphenicol, an inhibitor of prokaryotic protein synthesis (E. Demarsy, unpublished observation). But chloramphenicol inhibits plastid as well as mitochondrial protein synthesis and it is not possible to make conclusions about plastid protein synthesis from these experiments. On the other hand, lincomycine, a specific inhibitor of plastid translation, does not prevent germination (E. Demarsy, unpublished observation). At least for some plastid mRNAs neosynthesis starts before protein biosynthesis during stratification and germination (compare Figs 3 and 6) ; that is, there will be a mixture of stored and neosynthesized mRNAs ready for translation. How is the decision made about which one is translated?
The mRNAs encoding PEP subunits and most of the mRNAs encoding ribosomal proteins already augment during stratification, while mRNAs encoding photosynthesis-related proteins augment only after cold release and during greening. Sequential upregulation of genes implicated in organellar protein synthesis and genes associated with photosynthesis has also been observed for nucleusencoded plastid-related genes (Howell et al., 2009) . This suggests temporal coordination of organellar and nuclear gene expression during germination to assure sequential building up of the plastid translational and photosynthetic complexes and the question arises of whether sequential activation of expression of housekeeping and photosynthesis-related plastid genes occurs also on the protein level. Western immunoblotting analyses show that all analysed proteins augment only after stratification; that is, sequential augmentation of expression of housekeeping and photosynthesis related genes is not observed at the protein level (Fig. 6 ). This result indicates that, in contrast to transcription, translation is not activated at 4°C during stratification and that the mRNAs that are already present in dry seeds or that are produced during the stratification period are not immediately translated.
After greening, the most abundant mRNAs were psaJ and atpH, followed by psbE, F, L, and J, psbM, and rbcL. Remarkably, psbA mRNA was present in lower amounts than rbcL mRNA in stage 6 plantlets and we observed a higher amount of psbA antisense RNA than of sense RNA (Fig. 5A ). It would be interesting to analyse sense and antisense RNA levels together with PSBA protein levels in parallel under different physiological conditions. The herereported results indicate the possibility of a strong regulation of psbA gene expression by antisense RNA. The primer that is used to retrotranscribe the psbA antisense RNA is located at the 5# end of the mRNA coding region. This means that the antisense RNA covers the ATG translation initiation codon. Thus, regulation might act on the translational level by blocking access to the mRNA's ribosomebinding site or on the post-transcriptional level by protection of the mRNA 5# end from nucleolytic degradation.
Coming back now to the four problems of early plastid gene expression described in the Introduction, the results presented allow us to make the following conclusions.
(i) There are considerable changes in plastid transcriptome profiles that occur during transformation of seed eoplasts into chloroplasts/amyloplasts during germination and early seedling development, although no new organs are formed during these periods. In some cases around 10-fold changes in mRNA levels were observed during the first germinationrelated developmental stages (stage 0 to stage 2). It is tempting to consider them as consequence of a germinationspecific developmental programme. During greening (stages 2 to 6) plastid transcript levels within total RNA preparations augmented considerably and changes in the relationship between the different RNAs, even between RNAs of the same functional group, were observed. Notably, these included the much higher accumulation of atpH mRNA compared to other mRNAs coding subunits of the ATP synthase complex, the high level of psaJ mRNA compared to other mRNAs coding PSI proteins, and the high level of rpl32 mRNAs in comparison the other r-protein-coding mRNAs (see Fig. 3 ). atpH and psaJ mRNAs are specifically stabilized by PPR proteins (Pfalz et al., 2009) . Such stabilization probably contributes to the high accumulation of these mRNAs. In the case of atpH, the functional significance of a much higher mRNA level in comparison with other mRNAs of the ATP synthase complex might be related to stoichiometry, where ATPH is present in the CF 0 complex in 12-14-times higher amounts than the other subunits (Bö ttcher and Gräber, 2000) . In case of psaJ and rpl32 the reason is not clear.
(ii) All three RNA polymerases, RPOTp, RPOTmp, and PEP, are active during stratification, where RPOTp transcribes mRNA genes coding for ribosomal proteins and PEP subunits while RPOTmp and PEP together transcribe specifically the rRNA operon. Only after transfer to light does PEP start to transcribe also photosynthesis-related genes, with the rbcL gene being first. Taken together, the observed retardation of germination in the presence of Tagetin (Demarsy et al., 2006) might result from both diminished rRNA and diminished mRNA production (Fig. 4) . However, we have not yet analysed tRNAs and we cannot exclude that some tRNAs are also made by PEP, even though they belong to the class of housekeeping genes (for example, trnE-UUC and trnV-UAC; Hanaoka et al., 2003) .
(iii) The analyses of plastid antisense RNAs revealed that the quantitative relation between sense and antisense RNAs for the totality of plastid mRNA genes changed considerably during chloroplast differentiation. The ratio of sense to antisense RNAs was lowest during germination and in notyet-green post-germination stages. This is the period when NEP transcripts diminish or have reached their steady-state levels and PEP transcripts strongly increase; that is, the period of transcriptional rearrangement from principally NEP to principally PEP transcription. The question arises of whether this remarkable antisense RNA production has a regulatory function that is connected to the switching from NEP to PEP transcription or whether it is just a byproduct of the occurring rearrangements. In green tissues, for most of the plastid mRNAs sense RNAs are much more abundant than antisense RNAs. However, for some genes like rbcL, psbA, and rpl33 relatively high antisense RNA levels persist. It would be interesting in the future to analyse these antisense RNAs in more detail, in particular to investigate whether they have regulatory functions in gene expression.
(iv) At least some of the mRNAs that are synthesized during imbibition/stratification are probably not immediately translated; that is, mRNA synthesis is not coupled to protein synthesis.
Supplementary material
Supplementary material is available at JXB online Supplementary Table S1 . ArrayGauge values of stage 0, 0+, 1, and 2 arrays, represented in Fig. 3 .
Supplementary Table S2 . ArrayGauge values of stage 0, 0+, and 24 h arrays of seeds kept on water or on Tagetin during germination, represented in Fig. 4B .
